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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

=> UV behavior of these Goldstone's? <
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O Are they composite fields? What are made of then?
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O Are they components of gauge fields in higher dimensions?
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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

=> UV behavior of these Goldstone's? <

. 2 Y — 6iaa7ra/v
Lonee = mig WIWH™ 4 §mQZZMZ“ = Tr (D,X'D, %) Goldstone of
SU(2).xSU(2)=/SU(2)v
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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

= UV behavior of these Goldstone's? <
Y — 6iaa7ra/’u

1 2
Lonwes = miy WEWH™ 4 “m3 2,2V = UZTI‘ (D, =D, x) Goldstone of
SU(2).xSU(2)r/SU(2)y
prem— a ................... o a ............ a aa ..........................
Lo = 5 (O )? — 62 ((m0um®)? — (m*)* (8, 7)) +
contact interaction growing with energy

7_‘_61, 7_‘_(3

, A (m7" — mr?) = A(s, t,u)6"6 + A(t, s,u)6*°6"" + A(u,t,s)5%*5"
b N 7Td A(S, t, U) — ) Weinberg's LET
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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

= UV behavior of these Goldstone's? <
Y — 6iaa7ra/’u

1 2
Lonwes = miy WEWH™ 4 “m3 2,2V = UZTI‘ (D, =D, x) Goldstone of
SU(2).xSU(2)r/SU(2)y
prem— a ................... o a ............ a aa ..........................
Lo = 5 (O )? — 62 ((m0um®)? — (m*)* (8, 7)) +
contact interaction growing with energy

7_‘_61, 7_‘_(3

, A (m7" — mr?) = A(s, t,u)6"6 + A(t, s,u)6*°6"" + A(u,t,s)5%*5"
b N 7Td A(S, t, U) — ) Weinberg's LET

the behavior of this amplitude is not consistent above 47v (*1+3TeV)
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Weak vs. Strong EWSB

what is unitarizing the WW scattering amplitude?

@kly coupled mode> @ngly coupled models_—>

----- s <> @i

prototype: Susy
susy partners ~ 100 GeV

prototype: Technicolor

rho meson ~ 1 TeV

heed new particles to stabilize resonances needed for unitarization
the Higgs mass i generate EW oblique corrections
bounds on the masses of these particles . 8 < 10-3
L m
. U . : ~ —VQV ) 1, > 2.5 TeV
fine-tuning O(1%) e @95% CL
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Weak vs. Strong EWSB

what is unitarizing the WW scattering amplitude?

@kly coupled mode> @ngly coupled models >

+

bounds on the masses of these particles

E o 8]<107
| U . ~ m—VQV ) 1, > 2.5 TeV
fine-tuning O(1%) p @95% CL
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Higgs as a PGB: a natural extension of SM

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

One solution to the hierarchy pb: :
nggs ‘rrcmsfor'ms hon- Imear'ly under some global symmetry :

K N
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

3 Goldstone's
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Higgs as a PGB: a natural extension of SM

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

One solution to the hierarchy pb: :
nggs ‘rrcmsfor'ms hon- Imear'ly under some global symmetry :

K N
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Wi & ZL Wi & ZL& h

3 Goldstone's at least a 4™ Goldstone
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Higgs as a PGB: a natural extension of SM

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

One solution to the hierarchy pb: :
nggs ‘rransfor'ms hon- Imear'ly under some global symmetry :

K N
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Wi & ZL Wi & ZL& h

3 Goldstone's at least a 4™ Goldstone

Examples:so(5)/50(4): 4 P6Bs=W+, Zi, h
Minimal Composite Higgs Model

S0O(6)/50(b): 5 PGBs=H, a
() ) T—L Next MCHM
SU(4)/5p(4,C). 5 PGBs=H, s

Minimal Composite
SO(6)/S50(4)xS0O(2): 8 PGBs=H1+H> T Two Higgs Doublets
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Floawr éa%mé % Wm&@ nature o5 % /Z{U/ﬁﬁ?

ZAW %j
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What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)L

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

v
W W’ growth cancelled for
s A . i g — CL282 a=1

h 2 s —ms restoration of
- perturbative unitarity

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)L

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

h
Leowss = ZTI” (DMZTD,UJZ) (1 +2a— 4+ b ) — )\wLZ”gDR <1 + C;)

'a’, 'b" and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a®: perturbative unitarity in inelastic channels WW — hh

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

L4
L4
L4
L4
L4
L4
L4
L4
. L4
L4
L4
L4
L4
L4
L4
4
-
-
-
A\
A 3
. a
-
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What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)L

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

h h? h
Leowss = ZTI” (DMZTD,UJZ) (1 +2a— 4+ b ) — )\wLZ”gDR <1 + C;)

'a’, 'b" and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a®: perturbative unitarity in inelastic channels WW — hh

For ac=1: perturbative unitarity in inelastic WW — ¢

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)L

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

h
Leowss = ZTI” (DMZTD,UJZ) (1 +2a— 4+ b ) — )\wLZ”gDR <1 + C;)

'a’, 'b" and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a®: perturbative unitarity in inelastic channels WW — hh

For ac=1: perturbative unitarity in inelastic WW — ¢

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

L} EEWSB can be rewritten as DMHTDMH 4}
1 . o a 0
H = _—¢0'™ /v
\/56 ( v+ h )

h and 7 (ie WL andZ_.) combine to form a linear representation of SU(2).xU(1)y
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What is a composite Higgs?

A o particle that combines with W and Z, to form a SU(2) doublet
that acquires a vev

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

*
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

renorria/izab/, .
e /e\/e/ = an/?aeneSS
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What is a composite Higgs?

A o particle that combines with W and Z, to form a SU(2) doublet
that acquires a vev

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

*
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

3 .
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

deviations of Higgs couplings originate from higher dimensional operators

2 _ y )
(0u/H*)" |HP*$Hy |H|*B,,B" |H|*G,.,G"
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Anomalous composite-Higgs couplings

Lo 2%8“ (H2) 8, (|HI?)  en~o00)

Modified Higgs couplings 1 | . v 1 ¢/2
. Y _— H— — —_
Higgs propagator ~ rescaled by \/1 + CH?_E 2f?

-----------------------------------------------------------------------------------------------------------------------------------
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PGB Higgs: Strong EWSB with 2 Scales

v (weak scale)?

§

- 2 (strong coupling scale)?

®
.
.
.
.
.
.
*
*
‘0
*

SM limit

all resonances of strong sector, Higgs decouple from SM:

except the Higgs, decouple‘ ““““ vector resonances like in TC
....................... @
/ SM
1_.
. . v 1
Composite Higgs Lowss = (a Sh +b7 h2> Tr (D,X'D,%)
VS. : .
. Composite Higgs
SM Higgs : ,@ universal behavior for large f
a=1-v3/2f2 b=1-2v?/f?

1
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PGB Higgs: Strong EWSB with 2 Scales

v (weak scale)?

§

- 2 (strong coupling scale)?

®
.
.
.
.
.
.
*
*
‘0
*

SM limit

all resonances of strong sector, Higgs decouple from SM:

except the Higgs, decouple‘ ‘‘‘‘ vector resonances like in TC
.................... Dilaton
-------------------------- b b:GZ
) s T—n
1_.
. . v 1
Composite Higgs Lowss = (a Sh +b7 h2> Tr (D,X'D,%)
VS. : .
. _ Composite Higgs
Dilaton Higgs : ,@ universal behavior for large f
a=1-v3/2f2 b=1-2v?/f?

1
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Composite Higgs vs generic anomalous couplings

generic anomalous couplings can be quite complicated, e.g.

C3
2

'Ch—Z — mzh (CleZ’UJ I 622 Z'LWZ’LW I

%4 O
€pvpa ' 2P )
m m

..many coefficients, various possible origins
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Composite Higgs vs generic anomalous couplings

generic anomalous couplings can be quite complicated, e.g.

C3
2

'Ch—Z — mzh (chMZ“’ I 622 Z'LWZ’LW I

%4 O
€pvpa ' 2P )
m m

..many coefficients, various possible origins

* * *
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(other resonances etc give subleading contributions)

very predictive models:
given the coset space, the Higgs couplings depend only on £
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Effective Lagrangian

® extra Higgs leg: H/ f ® extra derivative: 0/m,
lGenumesTro ng operators (sensmve to the scale f)
CH 2\? i cr <y N2 E YF | 1712 Co A\
ops (0W1HI) g (aiDMm) 2 fLHfR+hc gl
........................................................... L Custodialbreaking i T
n Form factor operators (sensitive to the scale m,)
‘ ZCW R Y] U ) ‘ ZCB ( .‘. [ ) I/ |
2m2 (HUD H)(D W)’ om? H'D"H ) (0" B,
....................... .J:Z'.Z'.ZIZ'.;ZIZ'.Z'.Z'.ZIZ'.Z'.Z'.ZIZ'.Z'.Z'.ZIZZ'.ZIZ'.Z'.Z'.ZIZ'.Z'.Z'.ZIZ'.I'.Z'.Z:I'.Z:Z'.I" 2
ZCHW gp ICHBi Yp °
DVMH DY HYW? DFH)Y (DY H)B
m?) 167’(’ ( ) ( ) 2% m{% ""‘167'('2( ) ( ) ,ul/‘
"""""""""""" "wm|n|malcoup]|n9h_>,yZ )u,loopsuppr.essedsfr‘ong dynam|cs
C ...... ,..g 2..,9 2, ............................................ C ........ ,g ...............................................................
ak B/ QHTHBWBWE 92 i L H HGe GW
MO, m 1 67T g o

*
-------------------------------------------------------------------------------------------------------------------------------------

[}
-
....
Y
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Deformation of the SM Higgs: current constraints

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

N = elo /v Goldstone of SU(2).xSU(2)r/SU(2)v D, Y ~W,

- SM'a=1l', 'b=1"&'c=l' ————
Current EW data constrain only ‘a’ (and marginally 'c’)

5624(33/9/705/61 >f//§95 -

MCHMs c=(2a2-1)/a

| MC4 JCHM5
| | Tevatron
0.8 |
N_0.6 |
O
' N ey, e T EWs09
B -
04 |
' £e er/y//op/zoé/c
| ffee ) |
0.2 | 759 | 09 |
: T LEPzp
i SR - rSM limits+¥», . '
80 100 120 140 160 180 200
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Deformation of the SM Higgs: LHC constraints

ATLAS Preliminary

vvvvvvvv

| R =

m
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— Observed CLs :
---- Expected j Ldt=1.0-1.2fb
Wtic \s=7TeV ;
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LHC is now a Higgs exploring machine
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(and it has quickly surpassed Tevatron)
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Deformation of the SM Higgs: LHC constraints
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LHC is now a Higgs exploring machine
(and it has quickly surpassed Tevatron)
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Deformation of the SM Higgs: LHC constraints

the SM exclusion bounds are easily rescaled in the (mn,a) plane

LHC is now a Higgs exploring machine
(and it has quickly surpassed Tevatron)
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Deformation of the SM Higgs: LHC constraints

the SM exclusion bounds are easily rescaled in the (mn,a) plane

MCHMs  ¢=(2a%-1)/a

I -
0.2 |

&—SM limits -+>», . | s SA o

~ Be careful

O rescaling combination z combination of the rescaled channels
(can be particularly important far away from SM)

O effeciency of the cuts may also depends on &
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Higgs anomalous couplings @ LHC

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
o
0

U2 ; h h2 h3 ~ I 9
£EWSB:ZTT(DMZ DMZ) 1—|—2a;—|—bv—2—|—b3§—|— —)\@DLE?pR 1‘|‘C;—|—62_—|—

o= VTE b=1-%  h=-3e/TE o= (VITETR)  a= (649

*
-------------------------------------------------------------------------------------------------------------------------------------------------------

( 1.0 l T

/ ] LHC can probe
| - a=7/8 o) BRILTN22) 1 |
0 o g%;ﬁhl?)) BBI;}(I;;??) — ] e N
. o(h) BR(h-WW2Z) 1 | Aa & Ac
: = 1o n 0102
% i.e. 4ﬂ'f ~ 5_7 Tev
: -0.5 S ;
T compositeness scale of the Higgs

=10

(ILC/CLIC could go to few %, ie, test
composite Higgs up to 4-f ~ 30/60 TeV)
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How to probe the strong dynamics?

Look at pair production of strong states

B strong WW scattering

................. i W . et
[ —(1=¢) M2, of the growing amplitudes
................. W W

S
A(WEWE — WEWE) = A(s, t,u)8%6° + A(t, 5,u)5°8" + A(u,t,5)5°%6 A= (1—a”) =

large ., heeded s
not competitive with the measurement of 'a’ via anomalous couplings 12
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How to probe the strong dynamics?

Look at pair production of strong states

B strong WW scattering

................. i W . et
[ —(1=¢) M2, of the growing amplitudes

................. W W

.............................................................................................................................................. il

A(WEW?E — WiWd) = A(s, t,u)d°°6° + A(t, 5,u)5°°6" + A(u, t, s)5°%5% A = (1 — az)

large ., heeded s
not competitive with the measurement of 'a’ via anomalous couplings 12

® strong double Higgs production

A(Z929) — hh) = (W} W, — hh) = (b— a®) —

02
access to a new interaction, 'b’

distinction between ‘active’ (higgs) and ‘passive’ (dilaton) scalar in EWSB dynamics
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Double Higgs production: 'b" and 'd3’ couplings

SM: a=b=d3=ds=1

-----------------------------------------------------------------

N
l' D g
, .
A '
'
14 .
24 1N
Y N
Y .
¢ .
]
]
]
]
o o
P '
P 'N
P 'S
.-------'

A ~ (52— CLQ) o A ~ cst. + Sadg

mhh ~ 4mh U

asymptotic behavior threshold effect

sensitive to strong interaction C
anomalous coupling
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Strong Higgs production: (3L+jets) analysis

strong boson scattering & strong Higgs production
_ CHS
A(Z}Z) — hh) = A(WFWL — hh) = o
mp = 180 GeV
fermions in spinorial

cH=1

é lv jets leptons
L pr > 30 GeV pr > 20 GeV

W % :

- l+ 5Rjj > 0.7 5le(ll) > 04(02)
T /) g ;] < 2.4

W

Dominant backgrounds: WIiI4j, ttW2j, tt2W(j), 3W4,...

forward jet-tag, back-to-back lepton, central jet-veto
v/ f 1 [v/0.8] V0.5
significance @ 300 fb~" | 4.0 | 2.9 1.3
luminisity for 5o (fb~ 1) | 450 | 850 | 3500 | <& good motivation fo SLHC
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Measuring the non-linearities of the Higgs

22 h h2 1 1 [/ 3m?
Lrwss = ZTT (DHETDNZ) (1 + QCL; + bﬁ) V(h) = §mih2 + Clgg ( . h) h3 |
0.8
* SLHC
0.4}

O (S)LHC is barely sensitive to d3 and b

,. O ILC has a sensitivity on ds but not on b
0.4 | OCLIC can probe both d3 and b
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Geometry of Coset from WW- — 3h

Sz“rong <p/
ELVSB 1 B2 R2 1 g2 g2
O2r—3m ™~ 87 f4 (47 f)2 g 8t v? 1672

E/f < g

Probe of possible discrete symmeTrles in ’rhe strong dynamics

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
.

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

a process with an odd # of PGBs
requires a coupling breaking the coset structure
ie cannot be mediated by strong interactions alone

2
) 1 Aww s 3p ~ 4i 2 (a(b —a?) — §bg) + s X (m—W>

V3 4

~— ~—

=0 for mediated by SM gauge
symmetric coset interactions (breaking of
coset structure)
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W*W- — 3h @ CLIC

hon-symmetric coset

invariant mass distribution for e'e” -> hhhv v

I mass a=1, b=b3=d3=0
Entries 10000

— Mean 1478
. RMS 473.1
0.04—
0.035 R4fb (osm~3ab) |—E=3TeV
0.03— —E=5TeV
0.025—
0.02—
0.015F 0*234fb
= (osm~22ab)
0.01—
0.005—
O :l ] L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | | | 1 |1 ] | | I T | | I |
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A heavy composite W'

Observing a tower of resonances would a direct evidence of the strong interactions
However, in the best configuration, LHC will have access to a few ones only

V/ow Can we Ze// ¢ e difference Aefween a »MasSSive 3@4{9@ £ie/d

ad a resSonance Frorr a Sfrong Seclor?
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A heavy composite W'

Observing a tower of resonances would a direct evidence of the strong interactions
However, in the best configuration, LHC will have access to a few ones only

V/ow Can we Ze// ¢ e difference Aefween a »MasSSive 3@4{9@ £ie/d

ad a resSonance Frorr a Sfrong Seclor?

------------------------------------------------------------------------------------------------------------------------------------------------------------------------
.

.
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

gyromagnetic ratio of any elementary particle of mass M
coupled to photon must be g=2 at tree-level to maintain
perturbative unitarity up to energy A >»> M/e

(g — 1)B“”W;L+W;_ dimension-4 operator mediating W' =Wy after W-W' mixing

Christophe Grojean Alternatives to SUSY 29 SUSY, 29 August 2ol


mailto:christophe.grojean@cern.ch?subject=Triple%20Higgs%20production
mailto:christophe.grojean@cern.ch?subject=Triple%20Higgs%20production
http://arXiv.org/abs/1103.2761
http://arXiv.org/abs/1103.2761
http://link.aps.org/abstract/PRD/V46/P3529/
http://link.aps.org/abstract/PRD/V46/P3529/

A heavy composite W'

Observing a tower of resonances would a direct evidence of the strong interactions
However, in the best configuration, LHC will have access to a few ones only

V/ow Can we Ze// ¢ e difference Aefween a »MasSSive 3@4{9@ £ie/d

ad a resSonance Frorr a Sfrong Seclor?

------------------------------------------------------------------------------------------------------------------------------------------------------------------------
.

.
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

gyromagnetic ratio of any elementary particle of mass M
coupled to photon must be g=2 at tree-level to maintain
perturbative unitarity up to energy A >»> M/e

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
*

(g — 1)B“”W;L+W;_ dimension-4 operator mediating W' =Wy after W-W' mixing
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CMW

EW interactions need Goldstone bosons to provide mass to W, Z
R J g J ¥
EW interactions also need a UV moderator/new physics
to unitarize WW scattering amplitude

. We'll need another Gargamelle experiment
- to discover the still missing neutral current of the SM: the Higgs
' weak NC < gauge principle

Higgs NC < ?
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it might take some time to decipher the true dynamics of EWSBI!
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"Higgs = emergency tire of the SM"
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An Emergency Tire Even Beyond the SM

"Higgs = emergency tire of the SM"

Altarelli @ Blois’10
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[ picture courtesy to Andreas Weiler]
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